Abstract. Epigenetic modifications play an important role during carcinogenesis. The main goal of this study was to examine expression levels of two critical enzymes, DNA methyltransferase-1 (DNMT1) and histone deacetylase-1 (HDAC1), by immunohistochemistry (IHC) in human pancreatic cancer and precancerous lesions: 20 foci containing normal ductal epithelial cells without an inflammatory background (DE), 30 containing ductal epithelial cells with an inflammatory background (DEI), 48 of pancreatic intraepithelial neoplasia-1A (PanIN-1A), 103 of PanIN-1B, 99 of PanIN-2, 30 of PanIN-3, 18 of intraductal papillary mucinous neoplasm A (IPMA), 10 of IPMB, 20 of IPMC, and 54 of pancreatic ductal adenocarcinoma (PDAC). The expression levels of both DNMT1 and HDAC1 increased from normal to precancerous lesions to pancreatic cancer, in a malignancydependent manner. Correlations between expression levels and clinicopathological features of the 54 PDAC patients were also analyzed. The expression of DNMT1 significantly correlated with nerve infiltration, degree of tumor differentiation and TNM staging (p<0.05), while that of HDAC1 correlated with proliferative activity, degree of tumor differentiation and TNM staging (p<0.05). Patients with higher expression of DNMT1 and/or HDAC1 had an overall lower survival than those with lower expression (p<0.05). Higher expression of DNMT1 and HDAC1 correlated with advanced stages of the disease and reflect the malignancy of pancreatic carcinoma. They may become new prognostic markers and potential therapeutic targets for pancreatic cancer.
Introduction
Pancreatic cancer is a highly malignant disease. Early metastasis, local invasion, and resistance to conventional therapy significantly challenge the treatment of this disease. Currently, there are no ideal markers that provide sufficient sensitivity and specificity in the clinic, making it difficult for early diag-nosis. Recently, pathologists raised the concepts that pancreatic intraepithelial neoplasias (PanINs) and intraductal papillary mucinous neoplasms (IPMNs) are precancerous lesions for pancreatic ductal adenocarcinoma (PDAC), providing new targets for studies on the initiation of pancreatic cancer (1) (2) (3) . Several studies have focused on the molecular biology and histopathological changes associated with PanINs and IPMNs, and demonstrated their importance in the progression of pancreatic cancer (4) (5) (6) (7) (8) . Therefore, an in-depth study of molecular alterations during the progression from PanINs and IPMNs to PDAC may reveal the pathogenesis of pancreatic cancer.
Epigenetic modifications play an important role during carcinogenesis (9, 10) . Aberrant methylation, including an overall decrease in DNA methylation and locally increased methylations of CpG islands, leads to chromosome instability and functional loss of tumor suppressor genes, constituting an early event in tumorigenesis (11) (12) (13) . Histone acetylation, which modulates the transcription of target genes, is also involved in the formation of various human tumors (14) (15) (16) . It was reported that these two processes may work together to inhibit transcription of target genes through Methyl-CpG binding proteins (MeCPs), which recruit histone deacetylases (HDACs) to deacetylate histone proteins (17) (18) (19) . Some studies suggest that DNA methylation functions as an initiator of transcriptional repression, while deacetylation is the executor (20) . Moreover, it was reported that DNA methyltransferase-1 (DNMT1) and histone deacetylase-1 (HDAC1), two critical enzymes in epigenetic regulation, repress target gene expression, as suggested by the ability of HDAC1 to bind DNMT1 and to purify methyltransferase activity from nuclear extracts (21) .
The expression of DNMT1 or HDAC1 at both the mRNA and protein levels increase in several human tumors (22) (23) (24) (25) (26) . However, no previous studies, have examined their expression in pancreatic cancer, especially in the precancerous lesions of PanINs and IPMNs. In this study, we applied immunohistochemistry (IHC) to examine the expression of DNMT1 and HDAC1 in a large series of normal, PanINs, IPMNs and PDAC samples, and analyzed their significance in the development of pancreatic cancer.
Materials and methods
All tissue samples for IHC detection of DNMT1 and HDAC1 were acquired from the Department of Pathology, Changhai Hospital (the Second Military Medical University, Shanghai, China): 10 normal pancreatic tissues from autopsy, 15 samples of chronic pancreatitis from 13 males and 2 females (average age 51.9 years), 39 paratumor tissues from patients with PanINs originating from 22 males and 17 females (average age 57.7 years), 48 samples of IPMNs from 25 males and 23 females (average age 58.4 years), and 54 samples of pancreatic cancers from 41 males and 13 females (average age 57.6 years).
All tissues were formalin-fixed, paraffin-embedded, sliced into 4-μm sections and examined by H&E staining. Based on the classification criteria for precursor lesions in the pancreatic ducts (27) The clinicopathological parameters of the 54 patients with pancreatic cancer (PDAC) included age, gender, smoking, alcohol consumption, size of tumor, location of tumor, vessel infiltration, nerve infiltration, tumor differentiation, proliferative activity and TNM staging. Positivity for smoking was defined as at least one cigarette per day for no less than 1 year. Positivity for alcohol consumption was defined as a one-time intake of at least 50 g of Chinese liquor, 250 ml wine or 500 ml beer, at least once a week for a minimum of 1 year.
IHC was performed on 4-μm-thick serial paraffin sections. Sections were deparaffinized and rehydrated prior to blockage of endogenous peroxidase using 3% hydrogen peroxide for 5 min. Antigen retrieval was then performed in a microwave oven at 95˚C for 20 min with slides immersed in antigen retrieval solution (10 mM sodium citrate buffer, pH 6.0) followed by a blocking step with 1% fetal calf serum for 20 min at room temperature. After blocking, the sections were incubated at 4˚C overnight with a primary antibody, followed by incubation with a secondary antibody (goat antirabbit/horseradish peroxidase, R&D Systems, 1:200 dilution) at room temperature for 30 min. Finally, the sections were developed with DAB substrate for about 5 min, and counterstained with Mayer's hematoxylin. The primary antibodies used in this study included DNMT1 (ab19905, Abcam, 1:200 dilution) and HDAC1 (#2062, Cell Signaling, 1:400 dilution). PBS was used as a negative control for the primary antibody. Human tonsil tissues were used as positive control for DNMT1 immunoreactivity and human breast cancer tissues for HDAC1 immunoreactivity, as recommended by the manufacturers for the corresponding antibodies.
The IHC data for DNMT1 and HDAC1 were evaluated by two independent observers in a blinded manner. In DE, DEI, PanINs, and IPMNs foci, expression levels for both proteins were calculated as the percentage ratio of the number of ductal epithelial cells with positive staining to the total number of ductal epithelial cells counted. For PDAC foci, since it is difficult to discriminate the ductal and acinar structures, the expression levels were calculated as the percentage of positive stained cells to total number of cells within a high power field (400 x) and at least 5 high power fields were counted for each case.
Comparison of the positivity for DNMT1 and HDAC1 between different groups was done by the Mann-Whitney U or Kruskal-Wallis tests (SPSS software, Version 13.0). Correlations between the expression levels of DNMT1 and HDAC1 and the clinicopathological parameters were analyzed by the ¯2 text. Correlation between the expression of DNMT1 and HDAC1 was analyzed by a non-parametic correlation test. The significance of Kaplan-Meier survival curves was calculated by the log-rank test. A p-value of <0.05 was considered statistically significant.
Results

Expression of DNMT1 and HDAC1 in various pancreatic
tissues. In all pancreatic tissues examined, the expression of DNMT1 and HDAC1 was only detected in the nucleus and not in the cytoplasm or cell membrane. In normal pancreatic ductal epithelial cells, there were no detectable signals for DNMT1 or HDAC1. Comparison between PanIN and PDAC samples suggested that weak staining of DNMT1 and HDAC1 started to show up in PanIN-1A tissues, with statistically significant increased staining in the order of PanIN-1A ➝ PanIN-1B ➝ PanIN-2 ➝ PanIN3 ➝ PDAC (p<0.05) (Figs. 1  and 2 ). This is also true for the expression of DNMT1 and HDAC1 between IPMN and PDAC samples, that is, the staining intensities for both proteins increased significantly in the order of DE ➝ IPMA ➝ IPMB ➝ IPMC ➝ PDAC (p<0.05) (Fig. 3) . When compared between the same pathological levels of PanIN and IPMN samples, i.e., PanIN-1 compared to IPMA, PanIN-2 to IPMB, and PanIN-3 to IPMC, the expression of both DNMT1 and HDAC1 are significantly higher in PanIN samples than in the corresponding IPMN samples (p<0.05).
Correlations of DNMT1 and HDAC1 protein expression with clinicopathological variables of PDAC patients.
To gain more insight into the clinical significance of DNMT1 and HDAC1 expression in pancreatic cancer, we investigated the association of DNMT1 and/or HDAC1 expression with clinicopathological parameters that reflect the progression and aggressiveness of the tumor. The mean expression level of DNMT1 in PDACs was 59.1% (95% confidence interval (CI): 51.3-66.9%), while that for HDAC1 was 83.1% (95% CI: 78.2-88.1%). After overall evaluation for the expression of both proteins, we chose the 60% and 50% percentiles (70% for DNMT1 expression and 90% for HDAC1 expression) as the cut-off value for high and low level expression of DNMT1 and HDAC1, respectively, since these two values best predict the survival of patients. High levels of DNMT1 expression significantly correlated with nerve infiltration, degree of tumor differentiation and TNM staging (p<0.05). The high level of HDAC1 expression statistically correlated with the degree of tumor differentiation, proliferative activity and TNM staging (p<0.05). No significant correlation was observed between the levels of DNMT1 and HDAC1 protein expression and patient age, gender, smoking, alcohol consumption, tumor size, tumor location, or vessel infiltration (Table I) .
Correlations between DNMT1 and HDAC1 expression levels and patient survival. To evaluate the effects of DNMT1 and HDAC1 expression on the prognosis of patients with PDACs, we performed both univariate and multivariate survival analyses. Univariate analysis suggested that alcohol consumption, degree of tumor differentiation, and expression levels of DNMT1 and HDAC1 all significantly correlated with patient survival (Table II) . The two-year survival for patients with high expression of DNMT1 was 6%, significantly lower than that for patients with low expression (28%, p=0.002). Similarly, the two-year survival for patients with high expression of HDAC1 was 5%, significantly lower than that for patients with low expression (32%, p=0.003).
For patients with high expression levels of both proteins, the two-year survival was 0%, compared to 6% in those with only one protein expressed at high levels and 11% in those with both proteins expressed at low levels (p=0.000) (Fig. 4) .
Multivariate, Cox regression analysis indicated that alcohol consumption, degree of tumor differentiation, TNM staging and expression of DNMT1 and HDAC1 are independent risk factors for predicting prognosis for patients with PDAC. Patients positive for alcohol consumption have a 2.071-fold higher risk of death than those that are negative. The risk for patients with moderately differentiated tumors was 1.965-fold of those with well differentiated tumors, compared to 9.019-fold for those with poorly differentiated tumors. The risk ratio for patients with TNM stages of III + IV to those with I + II was 3.94. The risk ratio for patients with high levels of expression of DNMT1 to those with low levels was 10.162 and that for HDAC1 expression was 5.286 (Table III) .
Discussion
Accumulating evidence suggests that DNA methylation and histone deacetylation play important roles during carcinogenesis by selectively repressing gene transcription. As a critical enzyme in mammalian cells, DNMT1 is primarily responsible for copying methylation patterns from parental strands to the newly synthesized daughter DNA molecules (28-31). In tumors, the DNMT1 gene has been implicated as a mutagen for tumor suppressor genes by inducing persistent hypermethylation and subsequent TA base mutations of CpG islands located within the promoter regions of these genes. Enhanced DNMT1 activity is an initial event in carcinogenesis and constitutes the early phenotypic changes that characterize transformed cells (32) . HDAC1, another enzyme involved in transcriptional repression, can remove an acetyl group from the positively charged lysine residues at the N-termini of histone proteins. This post-translational modification adds positive charges to histone proteins and increases their affinity for DNA, which induces a more compact chromatin structure and leads to gene silencing (14, 15, 16, 33) . In tumorigenesis, the cooperation between DNMT1 and HDAC1 has been suggested, DNA methylation initiates the process of transcriptional repression, which is then executed by histone deacetylation. Few studies have reported the function of DNMT1 and HDAC1 in pancreatic cancer. In our current study, we examined the expression of both proteins by IHC in a large ONCOLOGY REPORTS 21: 1439 -1447 , 2009 Table I. Correlations of DNMT1 and HDAC1 protein expression with clinicopathological variables (n=54). 
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number of clinical samples representing different stages of pancreatic cancer development. Our study showed that expression of DNMT1 and HDAC1 increased with the development of pancreatic cancer from normal tissue to precan- Table II . Influence of DNMT1 and HDAC1 expression and clinicopathological variables on patient survival (n=54). 
cerous lesions, PanIN and IPMN, and to cancer PDAC. Positive immunostaining for both proteins are detectable as early as in PanIN-1A and IPMA lesions, suggesting that increased expression of DNMT1 and HDAC1 was an early molecular event and more importantly, may drive the progression to PDAC. When analyzing the expression pattern between DNMT1 and HDAC1 in all samples, we found a significant and linear correlation between the expression of these two proteins (r=0.970, p<0.001), indicating that these two enzymes coordinately regulate epigenetic modification during pancreatic carcinogenesis. In addition, when we compared the expression levels of DNMT1 and HDAC1 proteins between PanIN and IPMN lesions, two precancerous lesions with distinct molecular, pathological and clinical features (34) (35) (36) , we found that expression of both proteins in PanIN lesions was always higher than in the corresponding stages of IPMN lesions, implying IPMN as a relatively indolent and benign lesion compared with PanIN.
To analyze the influence of inflammation on the expression of DNMT1 and HDAC1, we compared their expression levels in DEI samples with those in other lesion groups, and found that the expression levels for both proteins in DEI lesions were between those for PanIN-1 and PanIN-2 lesions (Figs. 1 and 2 ). Consistent with a previous study (26) , we noted that persistent inflammation influences epigenetic regulation, as demonstrated by the up-regulation of DNMT1 and HDAC1 in our study. This observation supports the idea that chronic pancreatitis could be a risk factor for pancreatic cancer.
The enhanced expression of both DNMT1 and HDAC1 in the development of pancreatic cancer suggest they may function synergistically at the molecular level. The correlation 
analysis between the expression levels of DNMT1 and HDAC1 protein and the clinicopathological parameters revealed that there was a statistically significant correlation between high levels of DNMT1 expression and nerve infiltration, degree of tumor differentiation and TNM staging; the high level of HDAC1 expression correlated significantly with degree of tumor differentiation, proliferative activity and TNM staging. No significant correlations were observed between the expression of DNMT1 and HDAC1 and patient age, gender and other clinicopathological parameters. Some earlier studies suggested that increased expression of DNMT1 associated with the proliferative activity of tumor cells, and DNMT1 can be loaded onto the replication fork via PCNA, a replication factor (37, 38) . In this study, we did not find a significant correlation between DNMT1 expression and proliferative activity, as indicated by the proliferative labeling results of Ki67 and PCNA. Recently, several studies identified a role for environmental factors in regulating epigenetic modifications (39) (40) (41) (42) . Our analysis of the correlation between patient life styles, such as smoking and alcohol consumption, and the expression of DNMT1 and HDAC1, showed no significance.
By the Kaplan-Meier survival analysis, we observed a significant difference in patient survival between groups with high and low DNMT1 or HDAC1 expression, with the high level expression group having a shorter survival time. This result is consistent with a previous study that found a significant difference between survival between the groups with high and low DNMT1 protein expression (26) . Our results imply that DNMT1 and HDAC1 could be two useful markers in predicting the prognosis of patients with PDAC.
In conclusion, our study adds new evidence supporting the role of DNMT1 and HDAC1 in driving the progression of PDAC. Importantly, they are significantly related to the clinical outcomes of patients with pancreatic cancer, and may serve as valuable prognostic markers for PDAC. Although further study is warranted to determine the precise roles of DNMT1 and HDAC1 during pancreatic tumorigenesis, the results of the present study imply that DNMT1 and HDAC1 may be potential therapeutic targets for cancer therapy.
